1. Introduction {#sec1}
===============

A disaster is defined as a sudden, calamitous event that seriously disrupts the functioning of a community or society and causes human, material, and economic or environmental losses that exceed the community\'s or society\'s ability to cope using its own resources, according to the International Federation of Red Cross and Red Crescent Societies (IFRC). Though often caused by nature, disasters can have human origins \[[@bib1]\].

According to the International Disaster Database \[[@bib2]\], an ongoing trend exists regarding lower death tolls from previous years continuing into 2019. However, the frequency of disaster occurrence demonstrates an almost exponential growth, attributed to the worsening climate change and rapidly growing population and urbanization \[[@bib3]\]. As the world\'s second-largest economy, China is vulnerable to many natural and man-made disasters. In 2018, natural disasters affected approximately 1.3 billion people, killing 589 while having 524.5 million urgently relocated \[[@bib4]\]. In addition, as a new form of operation organization, large-scale chemical industry parks have been established in many cities, potentially exposing people to various hazards. Furthermore, human also face the potential threat of public health events, such as the COVID-19 in early 2020. In China, emergency field hospitals and temporary quarantine centers were established immediately based on the stadiums and industrial plants. Hence, emergency shelters/open spaces, as well as quarantine centers, play dual roles in providing places for temporary accommodation and rescue activities. It is paramount to scientifically design shelters and quarantine centers during the early stages, which empowers emergency management and mitigates the damage of passive measures.

Issues pertaining to emergency shelters as well as the use of open spaces have been discussed globally, including the optimization of shelter location \[[@bib5],[@bib6]\], selection criteria of open spaces \[[@bib7]\] and so forth. Despite their proposals, these models and experiences are rarely fully understood in the context of being lessons for actual construction projects. China\'s current main problems in construction for emergency shelters, for example, include extensive selection of shelter locations, mismatch of refuge demand and supply, lack of maintenance during the operation period and defence deficiency of multiple disasters. Further clarity regarding the location and planning of emergency shelters and open spaces are necessary to support response and recovery efforts when disasters occur.

Accordingly, numerous objects are analyzed in this study. First, surveys regarding emergency shelters and open spaces in China were reviewed and compared, which analyzed the current issues in this field thus far. Second, existing literature was consolidated on research pertaining to experiences and strategies in shelters/open space construction projects in Japan, the U.S. and Europe. Finally, guidelines and suggestions for emergency shelters and open spaces were outlined to better incorporate comprehensive factors into site selection and the planning of shelters. Overall, this paper not only highlights the issues surrounding actual implementations of emergency shelters and open spaces in China, but also summarizes instructions for future construction projects based on experiences from other countries.

This study is structured according to the following sections. In Section [2](#sec2){ref-type="sec"}, the research review methods are introduced, while Section [3](#sec3){ref-type="sec"} reports on the emergent challenges and issues regarding emergency shelters and open spaces in China. In light of these issues, global experiences and strategies for the construction of emergency shelters/open spaces are summarized in Section [4](#sec4){ref-type="sec"}. This section also outlines global progress regarding shelters, explaining details in the design and site selection of shelters and open spaces. In Section [5](#sec5){ref-type="sec"}, suggestions and guidelines for the construction of emergency shelters and open spaces in disaster management are put forward. Finally, Section [6](#sec6){ref-type="sec"} provides the conclusions reached by this study.

2. Research methods {#sec2}
===================

State of art designs and construction of emergency shelters are usually summarized in conventional literature reviews. However, in this manuscript, challenges pertaining to emergency shelters/open spaces in China are identified and suggestions are provided for the construction of emergency shelters/open spaces according to global experiences. Hence, the relevant literature was comprehensively scoped, and reviewing both qualitative and quantitative studies was necessary in order to obtain extensive and comprehensive results.

[Fig. 1](#fig1){ref-type="fig"} illustrates the study selection and filtering process. Both academic literature and grey literature were included in the systematic review. Grey literature refers to government documents and design standards or guidance, which presents important information concerning potential insights from the government as well as experts. In the document identification step, grey literature was collected by searching the government websites. Furthermore, six databases were considered: Web of Science, Science Direct, Taylor & Francis Online, Google Scholar, VIP (in Chinese) and CNKI (in Chinese). Search keywords include"emergency shelter"AND"risk assessment"OR"site location"OR"data-driven algorithm"OR"natural disaster" OR"urban resilience"OR"daily preparedness"in the title, abstract, and keywords.Fig. 1Study selection for the systematic review.Fig. 1

The inclusion criteria of the reviewed literature were:●Possessing design standards and survey reports for emergency shelters in China.●Containing construction standards for shelter settlement in the UK, Canada, the U.S. and European countries.●Published guidelines for evacuation and emergency shelters from international humanitarian communities.●Having construction standards and operating experiences in open spaces in Japan.●Put forward optimization models for shelter location and site selection.

3. Analysis of current emergency shelters and open spaces in China {#sec3}
==================================================================

3.1. Progress of emergency shelters {#sec3.1}
-----------------------------------

Normalized construction of emergency shelters in China started in 2006. The Ministry of Construction issued the *Urban Planning Methodology*, which includes \"construction guidelines of disaster prevention system\" as part of urban planning \[[@bib8]\].

In 2007, disaster prevention and mitigation became a compulsory component of overall planning from the locality to the center. In October of the same year, the \"Eleventh Five-Year Plan\" for *Comprehensive Disaster Prevention in Urban Construction* was issued by the Ministry of Housing and Urban-Rural Development of China, emphasizing that the objective of disaster prevention planning in China is to basically form a comprehensive disaster prevention framework in order to significantly enhance disaster prevention \[[@bib9]\]. The principle of "multiple use of shelters, prevention-based mechanism, quick response and effective strategies" are gradually being added into government documents by many cities.

In 2008, the national standard *Site Selection and* Supporting *Facilities for Earthquake Emergency Evacuation* was issued, especially considering earthquake disasters \[[@bib10]\]. In January 2017, the *Standards for the Construction of Emergency Shelter in Urban Communities* was proposed, which divided emergency shelters into three levels according to the community\'s population. Additionally, the construction standards and requirements for each level were provided \[[@bib11]\].

In early 2020, the deployment of emergency field hospitals/quarantine centers was regarded as the most effective solution in keeping COVID-19 from spreading. *Technical guidance for construction and operation of emergency hospitals based on industrial buildings* \[[@bib12]\] was, in turn, immediately issued by the government. Basic requirements like site selection and ventilation systems were identified in this official document.

Overall, the design of emergency shelters/open spaces is of paramount concern and should be primarily considered within prospective plans. However, in actual implementations, land use and site selection of emergency shelters/open spaces are roughly determined, which fails to fully consider actual demand. Hence, shelter construction and site selection suffer from certain issues, which are discussed in Section [3.2](#sec3.2){ref-type="sec"}.

3.2. Main limitations {#sec3.2}
---------------------

### 3.2.1. Extensive selection of shelter location {#sec3.2.1}

One limitation found in existing guidelines is that most guidelines proposed specific to the single earthquake disaster do not clearly explain site selection for emergency shelters/open spaces. The emergency shelters were usually established based on the existed open spaces. Hence, site selection done in the early stages does not take into account multiple aspects including demographics, community governance unit, various types of disaster, as well as the accessibility of emergency shelters. The technical indexes that stakeholders mostly adhere to are the site\'s size, per capita area and equipped facilities, rather than the actual performance of the emergency shelter during a disaster. In most cases, the scale and location of the emergency shelter/open space are designed using rough estimations of the population density in city blocks. However, actual demands of the shelter vary greatly in regard to spatial and temporal dimensions according to different disasters.

### 3.2.2. Lack of publicity and preparedness {#sec3.2.2}

Although relevant standards and guidance concerning the construction of emergency shelters/open spaces were proposed in most regions, publicity and evacuation drills were rarely carried out routinely. For example, in Qiqihar city, the number and location of emergency shelters in the electronic map were not consistent with the government\'s announcement \[[@bib13]\]. Furthermore, according to the survey and investigation of the current status of emergency shelters in Wuhai city \[[@bib14]\], only 10 out of 180 citizens had some knowledge regarding the disaster prevention park. The aftermath of such inadequate levels of publicity is that many citizens would not know which shelter to go to when a disaster occurs. Hence, "safety culture" would be an unreachable goal if public awareness and performing drills are lacking.

### 3.2.3. Unbalanced development within regions {#sec3.2.3}

In principle, the distributions of emergency shelters should be arranged according to the dispersion of the disaster as well as population density. According to the survey, most emergency shelters are located within developed cities in eastern China, while the disaster prevention system in rural areas are often disregarded, especially in western China \[[@bib15]\]. According to W. Li et al. \[[@bib15]\], as shown in [Fig. 2](#fig2){ref-type="fig"} , the top 20% of developed cities provide 16780 emergency shelters/open spaces, which account for the 88.6% of the total. In contrast, the proportion of emergency shelters/open spaces of the remaining 270 less developed cities is only 11.4%.Fig. 2Quantitative proportions of emergency shelters/open spaces of different cities \[[@bib15]\].Fig. 2

Furthermore, compared to new communities, emergency shelters/open spaces are scarcer in old towns and undeveloped area \[[@bib16]\]. In fact, the damage due to building collapse or fire would be more serious in poorer regions or old towns, which lack safety designs including wide laneway, emergency equipment and aseismatic structure of building. Hence, economics accounts for the unbalanced safety rates among different regions.

### 3.2.4. Mismatch of demand and supply {#sec3.2.4}

Numerous mismatches exist among the construction of emergency shelters with the actual demands of the evacuees. China suffers from various natural and man-made disasters every year; requirements for post-disaster resettlement and evacuation are different depending on the disaster type and spatiotemporal distribution of population. However, risk assessment ascertaining threats from hazards prior to a disaster is rarely carried out in the shelter designing phase \[[@bib17]\].

Moreover, emergency shelters/open spaces are usually regarded as welfare rather than being rooted in developmental issues. For example, governments in most cities prefer to establish high-level emergency shelters, which provide short-term and long-term relocation. The construction of medium and small shelters is rarely integrated into disaster prevention planning \[[@bib18]\]. However, the function of small shelters cannot be neglected-in regions that have difficulties in accessing high-level shelters, any small and medium emergency shelters/open spaces may be necessary as the transfer sites in case of a disaster.

### 3.2.5. Vague responsibility of stakeholders {#sec3.2.5}

Another issue with emergency shelters is the vague responsibility held by multiple units. For example, government departments, social groups, enterprises and institutions are separated during the planning, construction, maintaining and emergency stages. These stakeholders lack close communication and cooperation since they do not treat emergency shelters/open spaces as an integral component within urban resilience. In addition, few regulations and legislation clarify issues concerning the maintenance and management of emergency shelters/open spaces. *Management Guidance for Earthquake Emergency Shelter,* proposed in 2017 \[[@bib19]\], is the first regulation concerning the operation. Another challenge is the lack of financial support provided by the government and developers. Multiple financing channels including loans, fundraising and bonds should be activated to facilitate the construction of disaster prevention systems.

4. Global experience in shelter construction {#sec4}
============================================

4.1. Progress with shelters {#sec4.1}
---------------------------

### 4.1.1. Japan {#sec4.1.1}

Japan has paid attention to disaster prevention systems from early on as they continue to face great challenges pertaining to natural disasters and high-density population for several decades \[[@bib20]\]. The Great Kanto Earthquake in 1923 changed the spatial distribution of building/dwellings \[[@bib21]\]. Green spaces, parks, squares and basements in the cities have been regarded as the most important parts of emergency shelters and evacuation sites. After World War II, the government enacted a series of standards and laws to integrate the public space into the disaster prevention system. For example, the *Law of Urban Park* \[[@bib22]\] and the *Preservation Law of Urban Green Space* \[[@bib23]\] combined the protection of green areas within the disaster prevention system. In 1999, the *Guidelines for planning and design of disaster prevention parks* \[[@bib24]\] was proposed to demonstrate the design of the disaster prevention park.

### 4.1.2. United States {#sec4.1.2}

Since 1977, The National Earthquake Hazard Reduction Program (NEHRP) supported research, practices and policies that identified earthquake hazards and mitigated earthquake risks by improving the performance of emergency shelters \[[@bib25]\]. After the catastrophic events of Hurricane Katrina \[[@bib26]\] in 2005, the government actively promoted "disaster prevention communities", which took on responsibilities in disaster prevention, disaster response and post-disaster recovery. At present, the United States has established a disaster prevention and mitigation system comprised of federal, state and local entities. In addition, various standards concerning emergency shelters have been proposed for different types of disasters such as hurricanes, biochemicals, earthquakes, fires, explosions and so forth \[[@bib27], [@bib28], [@bib29]\].

### 4.1.3. Europe {#sec4.1.3}

In Europe, construction of emergency shelters could be retraced to the Renaissance \[[@bib30]\]. For example, the 1963 January earthquake struck the southern parts of Italy and caused extensive amounts of damage \[[@bib31]\]. In the recovery phase, narrow and curved roads were replaced by wide and straight avenues, ensuring quick and safe evacuation for its citizens. In the UK, according to the *Evacuation and shelter guidance* \[[@bib32]\] proposed by the UK government, large stadiums, schools and other public buildings were appointed as emergency shelters. The responsibility of the government, voluntary organizations, enterprises and citizens have been identified in several standards and laws \[[@bib33]\] (see [Table 1](#tbl1){ref-type="table"}).

4.2. Global experience and strategies {#sec4.2}
-------------------------------------

### 4.2.1. Optimizing shelter location and evacuation schemes {#sec4.2.1}

As previously mentioned, enormous damages are usually caused by various disasters in Japan. An open space called the disaster-prevention park has been divided into seven types according to their functions and scales, as shown in [Table 2](#tbl2){ref-type="table"} .Table 1Progress with emergency shelters/open spaces.Table 1YearProgress1982*Shelter after Disaster -- Guidelines for Assistance*\
First set of United Nations Shelter Guidelines1987*Housing and Culture after Earthquakes, A Guide for Policy Making on Housing in Seismic Areas. (UK)*\
First guidance on cultural aspects of shelter and housing reconstruction1999*Guidelines for planning and design of disaster prevention parks*■Japan--Ministry of Land and Transport2002*Hurricane Evacuation Shelter Selection Standards*■American Red Cross (ARC)2004*The Sphere Project, The Humanitarian Charter and Minimum Standards in Disaster Response*\
Guidelines on Humanitarian Assistance included shelter performance standards2011*Shelter after Disaster: Strategies for Transitional Settlement and Reconstruction*■United Nations Office for the Coordination of Humanitarian Affairs (UNOCHA)2011First specific master\'s courses on shelter are initiated2013*Evacuation and shelter guidance-refresh*■HM Government (UK)2015Third UN World Conference: Building the Resilience of Nations and Communities to Disasters■United Nations International Strategy for Disaster Reduction (UNISDR)2017*Humanitarian Shelter and Settlements Guidelines*■European Civil Protection and Humanitarian Aid Operations (ECHO) and European CommissionTable 2Seven types of disaster prevention parks in Japan.Table 2TypesMain functionScaleDisaster-prevention stronghold for large areasHold rescue activities and provide recovery assistanceLarge-scale parks\
Larger than 50 haDisaster-prevention stronghold for districtsHold rescue activities and relief distributionCentral parks\
Larger than 10 haEmergency shelterRelocate nearby residents from disastersCentral parks\
Larger than 10 haTemporary shelterProvide temporary shelters and transit residents to larger sheltersNeighboring parks\
Larger than 1 haGreen avenueAct as an evacuating roadGreen avenue with the width at least 10 mGreen buffer beltProtecting neighboring cities from radiation/fireService stationHelp residents to return home safely when the bus is stoppedCommunity parks\
Larger than 500 m^2^

Moreover, a hierarchical network was formed by roads connecting these seven types of parks. For example, a community park of 500 m^2^ was set up to provide facilities like a rest area and lavatory to its citizens. The distribution of these open spaces should cover all communities within the urban city. Acting as temporary shelters, neighboring parks were equipped with a water supply system and warehouse, providing shelter with a service radius of 500 m. In addition, the minimum width of the road connecting temporary shelters and emergency shelters was 10 m. Notably, the service radius of the emergency shelter and disaster-prevention stronghold at the district level was 2 km. The disaster-prevention stronghold for large areas should be located near to the expressway, which takes on responsibilities in logistics transport and effective communication.

Aside from the construction of open spaces, an evacuation route was designed and optimized combined for the disaster-prevention park. For example, in the *Planning handbook for countermeasure of the earthquake*, developed by the Japan Fire Administration, the density of the apartment, storage of the hazardous chemicals and distance of the evacuation route were adequately outlined. Since 1980, flame retardant projects have been carried out in urban systems, where both green plants and building materials were optimized to be fireproof. Due to this project, the safety level surrounding the disaster-prevention park as well as the evacuation route was improved \[[@bib34]\].

According to A. Esposito \[[@bib35]\], prior to 2011, emergency shelter/open space designs and car-based evacuations were considered to be separated issues in most countries. In 2012, a scenario-based bi-level model was proposed by A.C.Y. Li et al. \[[@bib36]\] to optimize the site selection of shelters by explicitly considering car-based evacuations for various hurricane events. In their model, the evacuee\'s route choice, traffic dynamics and stochastic nature were included, resulting in the reduction in average travel times up to 20%. However, not all of the minimal total evacuation time is attainable using the shortest routine due to uncertainty and traffic congestion. According to Turkey\'s experience \[[@bib37]\], Constrained System Optimal approaches assumed that evacuees were willing to accept slightly longer travel routes. As shown in [Fig. 3](#fig3){ref-type="fig"} , maximum latency decreased if more people were convinced of higher levels of tolerance. Furthermore, increasing the number of shelters to nine had an adverse effect on evacuation time. In 2017 \[[@bib38]\], an extended model was developed to consider uncertainties regarding evacuation demand, road network structure and possible disruption in shelters.Fig. 3The effect of the number of shelters (p value) and the level of tolerance on total evacuation time \[[@bib37]\].Fig. 3

Other than car-based evacuation (self-evacuation), bus-based evacuation (supported evacuation) combined with shelter location was first addressed by M. Goerigk et al. \[[@bib39]\]. Since the Comprehensive Evacuation Problem was a multi-objective and complicated issue, a genetic algorithm was established as an optimization method. Both the evacuation time as well as the risk for evacuees were taken into account in the macroscopic model. Additionally, in 2016 \[[@bib40]\], a multi-objective integer programming model was proposed for decision-making in regard to shelter location and evacuation routine in different conditions of bushfires. In the corresponding model, sensitivity analysis of evacuation plans according to the number of functioning shelters, disruption of shelter availability and major roads were taken into account. A summary of the aforementioned studies is given in [Table 3](#tbl3){ref-type="table"} .Table 3Combinations of shelter location with evacuation route.Table 3Ref.CountryCase studyModel\[[@bib36]\]USACar-based evacuation in hurricanesDynamic Traffic Assignment (DTA) and Dynamic User Equilibrium (DUE)\[[@bib37]\]TurkeyCar-based evacuation in earthquakesConstrained System Optimal\[[@bib39]\]GermanyCar-based and bus-based evacuation in earthquakes/bomb threatsComprehensive Evacuation Problem (CEP) and genetic algorithm\[[@bib40]\]AustraliaBus-based evacuation in bushfiresƐ-constraint technique

### 4.2.2. Embedding shelter design into the emergency management cycle {#sec4.2.2}

The emergency management cycle is an open-ended process. The four phases (preparedness, response, mitigation and recovery) indicate the ongoing attempt to prevent the effects of a disaster \[[@bib41]\]. In this section, the role of the emergency shelter in different stages of the emergency management cycle is identified. As shown in [Table 4](#tbl4){ref-type="table"} , the emergency shelter/open space mainly plays an important role in mitigation and recovery.Table 4The role of shelters/open spaces in the emergency management cycle.Table 4Ref.RegionCase studyEmergency management cyclePRRSMTRC\[[@bib42]\]Istanbul, TurkeyEarthquake✓\[[@bib43]\]Umbria Region, ItalyEarthquake✓\[[@bib44]\]Christchurch, New ZealandTsunami✓\[[@bib45]\]Mehuin & Dichato, ChileTsunami✓\[[@bib46]\]Tokyo & Kobe, JapanAll hazards✓✓\[[@bib47]\]Concepción, ChileEarthquake and Tsunami✓✓\[[@bib48]\]New York City, U.S.Hurricane✓✓\[[@bib49]\]San Francisco, U.S.Earthquake✓✓✓✓[^1]

In view of densely populated communities or old towns, strengthening urban system resilience may improve the mitigation of risks in various disasters. According to six case studies performed in Italy \[[@bib43]\], the main critical issues of strategic urban structures include: (1) lack of public space in the old town; (2) lack of a differentiated network of public spaces and functions (lack of redundancy); and (3) concentration of urban functions inside the old town. Pizzo et al. discussed the function of public spaces in risk mitigation along with the imperatives of urban resilience and environmental safety.

Many researchers have also investigated the function of the emergency shelter/open space during a city\'s recovery. As put forward by Brand and Nicholson \[[@bib44]\], public spaces and urban structures of Christchurch, New Zealand following the 2010 and 2011 earthquakes were evaluated and compared. As shown in [Fig. 4](#fig4){ref-type="fig"} , the employee density in the commercial districts was dispersed along with the urban structure. According to the Council\'s Draft Central City Plan (Draft CCP), which was developed by the government after the earthquake, several projects were proposed to animate shelter construction to balance the political, individual and organizational lives of those within the territory for participatory planning. Several key lessons regarding resilience were summarized: (1) laneway construction encouraging public access and supporting retail use; (2) decentralized water supply system in order for parts of the system to continue to function independently; (3) minimized use of restrictions for public access; (4) retreating or protecting flood prone areas; (5) developing low rise cities that are greener and more people-friendly; and (6) outlined the *Transitional City Project,* which provided opportunities for individuals and small groups of citizens to occupy the spaces left on grounds/walls.Fig. 4Change of business location in Christchurch measured by the change in employee density between 2011 and 2014 \[[@bib44]\].Fig. 4

The role of community gardens in relation to post-disaster recovery has been previously discussed by J. Chan et al. \[[@bib48]\]. Here, the authors conducted an exploratory multi-case study of several hurricane-impacted community gardens in order to understand its role in New York City. The results demonstrated that community gardens have long served as verdant refuges and community hubs in NYC neighborhoods \[[@bib50]\]. The evacuees preferred to gather during the chaotic days that immediately followed hurricanes. Unlike other shelters and open spaces, such as parking lots and commercial buildings, community gardens were regarded as restorative places, supporting the resilience of an urban social-ecological system and inspiring their community members.

In Chile, two different reconstruction programs were supported by the government; one was focused on providing houses for affected people, while the other included comprehensive plans for urban design and managing investments, which was phrased as the 'cross-sectoral reconstruction approach' \[[@bib47]\]. According to the comparative results, a more significant improvement in resilience may be observed in the cross-sectoral reconstruction approach. Specifically, its projects included anti-tsunami measures, improvement in accessibility and connectivity, more comprehensive plans in design, and multi-functionality of open space systems.

To the best of our knowledge, few cases combined emergency shelters/open spaces with the preparedness phase in the emergency management cycle. The Golden Gate Park polo field in San Francisco is a multifunctional open space \[[@bib51],[@bib52]\] that acts as a leading component in emergency management. After the 1906 earthquake, these parks played a critical role in the entire emergency management process. The Hyphae Design Laboratory and CMG landscape architecture settled a displaced population of 12,000 individuals in case of disaster. In addition, daily infrastructural "lifelines" like food, water, energy, shelter and waste management were promised for three days \[[@bib49]\].

Tokyo is another international metropolis suffering from various natural disasters and over-utilization problems. In 2015, the *Disaster Prevention in Tokyo* handbook \[[@bib53]\] was edited by the government with comprehensive consideration of local features, urban construction, lifestyle of its citizens and so forth. The handbook mentions drills to be enacted for disasters during the preparedness phase, which tells people how to take adequate action during evacuations and in emergency shelters. In addition, a trend exists in the integration of small and medium open public spaces for disaster prevention planning, such as evacuation planning of densely populated communities. According to the survey ([Fig. 5](#fig5){ref-type="fig"} ), however, only 40% of small and medium open spaces were integrated into disaster prevention planning. These spaces were considered to function in evacuation assistance, which were often associated with firefighting by permitting water access; its function also stemmed from its morphology by interrupting densely built fabric \[[@bib46]\].Fig. 5Integration of open public spaces in disaster prevention planning in Japan \[[@bib46]\].Fig. 5

### 4.2.3. Deployment of diverse space typologies {#sec4.2.3}

Typically, public open spaces and emergency shelters cannot accommodate large numbers of people, hence, integration of the role of privately owned spaces with the disaster prevention system is proposed in this study. In Japan, the standards *Deployment of Emergency Shelters* \[[@bib54]\] was proposed in 2017, which put forward that companies and personal places could be adopted as emergency shelters whenever they were deemed necessary. Enterprises located in disaster-prone regions usually have strong backgrounds in disaster prevention. Accordingly, temporary shelters could be successfully assigned as the local government may share a long-term cooperative relationship with such enterprises.

A similar measure was adopted by other counties. In the UK, *Evacuation and Shelter Guidance* \[[@bib32]\] addressed that suitable buildings, such as schools, leisure centers or community halls, may be used as rest centers. Undoubtably, an agreement should be reached with the building operators or owners, and basic utilities (gas, electricity or water) should be identified as well. Notably, the additional disruption was probably caused by activation of the shelter; planners should consider minimizing the impact of the assignment while bolstering protection for the confidential department. The guidance also recommended that it may be more cost-effective to use hotels rather than opening commercial buildings as emergency shelters. Hence, planners should keep a list of local hotels that can accommodate residents and sign a contract with the corresponding accommodation providers.

Underground spaces like parking lots, train stations and underground air raid shelters have been deployed as emergency shelters in many counties, such as Korea and Germany \[[@bib55]\]. Subsurface and underground spaces play specific roles in that they promote urban resilience and disaster prevention \[[@bib56]\]. In order to protect people from disasters, additional utilities like water supply systems and ventilation have been installed \[[@bib57]\].

The decision on whether to leave or stay in buildings/bunkers is also important. Several American cities acquired lessons in hurricane prevention, where indoor shelters were mostly utilized compared to public open spaces. In terms of official standards and guidance, shelters that provide safety during storms/hurricanes are termed "safe rooms" by FEMA and "storm shelters" by ICC 500. A safe room is an interior room, a space within a building, or an entirely separate building, which is designed and constructed to provide near absolute life-safety protection for its occupants from tornadoes or hurricanes \[[@bib58]\]. [Table 5](#tbl5){ref-type="table"} depicts shelter categories classified by different purposes, capacities, locations and levels of protection. Furthermore, the American Red Cross proposed ARC 4496 \[[@bib59]\], which identified the minimum requirements for shelters in terms of location selection. The hazards associated with hurricanes were also considered, including surge inundation, rainfall flooding, high winds and hazardous materials.Table 5Commercial shelter categories \[[@bib58]\].Table 5Shelter\
ConsiderationsIn-GroundSingle-UseMulti-UseCommunity**Expected capacity**1--1001--101--100100--1000**Level of Protection**Blast (medium)Blast (low)AllAll**Location**Basement or sub-basement\
area without windows and semi-hardened\
walls and ceiling.Interior space without windows and semi-hardened\
walls and ceiling.Conference room, data center, bathroom, stairwell and elevator core.School, church, mall and government building.**Special**\
**Considerations**Difficult to site; build in high\
water table and rocky areas.Annual or semi-annual\
inspection and rotation of supplies.Multiple areas in large buildings; plan to prevent\
overcrowding.Plan for multi-lingual, elderly and special needs populations.

Other than private enterprises and personal places, neighborhood cities or regions may be used to relocate citizens. In the case of Dichato, Chile, the interconnection among neighborhoods facing the sea has been clearly encouraged. If one collapses, other towns could take on responsibilities in evacuation and accessibility to emergency shelters and open spaces. Hence, the resiliency of the city was improved to a certain degree \[[@bib47]\].

5. Instructions for shelter construction {#sec5}
========================================

The following summary of instructions for the future construction of emergency shelters/open space stems from the experiences and strategies utilized by numerous countries. The planning and site selection of emergency shelters/open spaces should be conducted with the extensive participation of multiple stakeholders.

5.1. Construction of urban system resilience {#sec5.1}
--------------------------------------------

One particular goal of the United Nations' 2030 Agenda for Sustainable Development is to "*make cities and human settlements inclusive, safe, resilient and sustainable*" \[[@bib60]\]. According to the UN International Strategy for Disaster Reduction \[[@bib61]\], resilience is defined as the ability of a system, community or society exposed to hazards to resist, absorb, accommodate and recover from the effects of a hazard in a timely and efficient manner, which encompass the preservation and restoration of its essential basic structures and functions \[[@bib62]\]. As previously discussed, combining the design and planning of emergency shelters and public open spaces into the construction of urban resilience may improve disaster management.

Therefore, it is necessary to infuse the construction of shelters/open spaces into the design of urban systems. Existing divisions of urban systems are comprised of four basic components: buildings, constructions, communities and open spaces \[[@bib63],[@bib64]\], as shown in [Fig. 6](#fig6){ref-type="fig"} . Factors attributed to a proposed building could be evaluated according to its vulnerability, non-structural parameters and spatial features. Namely, neighborhood density and design are essential to emergency response services during disasters \[[@bib65],[@bib66]\]. Moreover, urban infrastructures consist of many components, where the road transportation network serves as the most important characteristic related to emergency shelters. Furthermore, the community is made up of people and organizations, which is important for urban resilience in protecting against extreme events or disasters \[[@bib67]\]. In addition, the total area, distribution, quality and site conditions of an open space influence urban resilience to a disaster.Fig. 6Urban systems\' four components.Fig. 6

In order to acquire a more detailed and reliable analysis of urban systems, the Building Information Modelling (BIM) and Geographic Information System (GIS) approaches may provide complete data and documents in regard to site selection and modelling for emergency shelters and public open spaces \[[@bib68],[@bib69]\]. Furthermore, it is one of the key tasks to establish databases based on BIM and GIS to provide guidance for shelter construction. For example, user feedback could be integrated into the database of post-occupancy evaluation, which is significant to optimize the site location and facility of emergency shelter and open space with the consideration of residents' need. In addition, layout-planning database gathering spatial function and area ratio of national emergency shelters is beneficial for designers and planners to carry out risk assessment and construction optimization in the early stage. Not only the living comfort and site selection problem could be optimized based on the databases, applicable construction standards and technology can be improved in the long term.

Although decentralization is at the macro level in urban resilience systems, emergency shelters/open spaces should operate as a self-contained model, providing protection for the vulnerable in a centralized system \[[@bib70]\]. Hence, four requirements exist concerning the selection of the location as well as the surrounding amenities including alternative connections of road networks \[[@bib71],[@bib72]\], avoiding congestion in densely-populated areas, hierarchical scales of shelter (such as region, metro, city, section and site \[[@bib73]\]) and diversity in a spatial distribution \[[@bib74]\]. Especially, risk assessment should be conducted in the multi-risk coupling area, such as city-industry integration zone. Beside open space, diversiform facilities are recommended to be integrated into the emergency shelter system, including the safe room, movable rescue capsule and refuge chamber \[[@bib75],[@bib76]\].

5.2. Facilitating the role of daily preparedness {#sec5.2}
------------------------------------------------

As previously mentioned, preparedness in the emergency management cycle is only emphasized by a few developed countries like Japan and the U.S. However, preparedness in disaster management not only reduces the time it takes to reach emergency shelters/open spaces in the wake of an incident, but also facilitates the optimization of the site\'s location as well as the operating schedule of emergency shelters/open spaces.

Hence, it is recommended to embed daily preparedness and practice to existing community-based disaster risk reduction systems. Evacuation drills and other related activities should be carried out within communities, schools, and companies. To operate the emergency shelter in the school area, surrounding residents, parents and teachers are suggested to be trained on communication skill \[[@bib77]\]. Essentially, everyday preparedness should not be a burden for citizens. Organization leaders, government officials, academic researchers and emergency nurses must begin by understanding the lifestyles, interests and actual needs of the households in cities and rural regions \[[@bib78]\]. Accordingly, the element of preparedness in disaster management should be added into its initial activities. For example, cherry-blossom viewing is a popular cultural event, though its anecdotal purpose is to foster preparedness. The soil could be maintained by public gatherings, mitigating the risk of bank collisions \[[@bib79]\] and flooding.

Lack of prepared awareness is the deficiency in many countries. Questionnaire \[[@bib80]\], return on investment (ROI) analysis \[[@bib81]\] and risk assessment \[[@bib82]\] are usually adopted to analyze the capability of disaster preparedness. In view of the experiences acquired by Australia, most people prefer to stay indoors rather than evacuate to the emergency shelters/open spaces during bushfires \[[@bib83]\] and flooding \[[@bib84]\]. The reason why they decide to stay and protect their property and pets is primarily due to lack of awareness. In China, however, most evacuations are generally compulsory and are ordered by the local governments \[[@bib85]\]. Other than passive and compulsory evacuations to shelters/open spaces, residents are educated to plan and prepare for active sheltering as it is more significant for effective evacuation.

In addition, thanks to opportunities in evacuation drills and other activities, it is possible to optimize shelter locations as well as their designs. Specifically, the planner could check whether congestion would occur during the evacuation period and design a route from an apartment to a corresponding emergency shelter/open space. In order to maintain communal engagement and sustainability in regard to preparedness, activities should adhere to the principles outlined in daily life, through participation and collaboration, repeatedly, multiple purposes and locality \[[@bib85]\].

5.3. Spatiotemporal pattern and hierarchical design {#sec5.3}
---------------------------------------------------

Many Chinese cities have recently tackled high risks in disasters due to rapid urbanization, economic development, centralized population and wealth, especially in Beijing and Shanghai.

In most regions, the scale and location of emergency shelters/open spaces are designed using rough and static estimations of population density in the area of city blocks. However, the actual demands of the shelter and population distribution vary greatly in both the spatial and temporal dimensions. As shown in [Fig. 7](#fig7){ref-type="fig"} (a) and (b), the total daytime and nighttime populations in Haidian District of Beijing was 3.24 million and 3.3 million, respectively. Although the ratio is nearly 1, there are obvious differences in the spatial population density \[[@bib86]\]. According to GIS, high-density employment centers and business districts would be considered serious blocks as they have high deaths and injuries during the daytime. In parallel with daytime, most of the population would be mainly concentrated in residential areas during nighttime. In addition, long-distance commuting and dispersed distribution are the lifestyles adopted by most people in developed cities. Hence, developing dynamic modelling in regard to the spatiotemporal distribution of the population based on the GIS platform can offer guidance for a shelter\'s capacity and location \[[@bib87]\]. Furthermore, it can also provide prospective and adequate strategies to be used in disaster prevention, emergency response and relief distribution.Fig. 7The population block distribution \[[@bib86]\].Fig. 7

Furthermore, the demand for emergency shelters would vary following a disaster. For example, Huiyong et al. \[[@bib88]\] extracted the population sizes of residential communities from the Economic and Social Development Statistics Yearbook \[[@bib89]\] of Shanghai and identified the population density from hundreds of communities. When an earthquake occurred, nearly 100% of the residents had to seek temporary shelter/open space immediately, while 40% and 20% of residents had demands for higher-level shelters one day following the disaster and ten days following the disaster, respectively. Hence, it is necessary to establish hierarchical emergency shelters/open spaces combined with a dynamic program for evacuation. Specifically, temporal variation in regard to necessities should be taken into consideration when planning and designing an emergency shelter system.

In addition, people\'s demand and refuge requirements should be considered as the important factor for site selection and shelter design. Sometimes, the "in place" shelter can accelerate recovery and reinforce communal bonding \[[@bib90],[@bib91]\]. However, larger emergency shelters that require long-distance traveling is also necessary when the urban area is too dense \[[@bib92]\]. The hierarchical shelter system provides different levels of service after the disaster, such as long-term shelter, short-time shelter and immediate shelter. A number of multi-criteria location models have been proposed to meet various requirements in complex applications, including p-median model, location set-covering problem (LSCP) and maximal covering location problem (MCLP). Total number of emergency shelters is fixed in p-mediam model \[[@bib93]\]. The objective of LSCP model is to find the minimum number of shelters and cover all demand points in specified regions \[[@bib94]\]. MCLP model aims to determine the number of shelters and optimal locations to cover more demand points \[[@bib95],[@bib96]\]. In these models, data-driven approaches have been adopted to solve the optimal location problem, such as ant colony optimization (ACO) \[[@bib97]\], genetic algorithm (GA) \[[@bib98]\], greedy algorithms and Tabu search algorithms \[[@bib99]\]. In other words, the construction cost of the shelter/open space could be reduced by optimizing resident allocation through a dynamic refuge demand estimation.

5.4. Bottom-up approach {#sec5.4}
-----------------------

Underdeveloped areas also face problems in mismatch between refuge demand and shelter accommodation. The distribution of residential houses is dispersed in the countryside, especially in mountainous areas. After the 2008 earthquake in Sichuan province, a top-down approach was applied for post-disaster recovery and reconstruction in Wenchuan Town. Guangzhou, a developed city, was assigned by the government as the corresponding city to support this project \[[@bib100]\]. Both the long-term and short-term developments were promoted along with public spaces including a memorial system, a tourism system and a network of open spaces \[[@bib101]\].

However, many new problems were introduced due to rapid recovery and reconstruction. For example, the new emergency shelter and open space occupied almost all available land, preventing sustainability of the town. In addition, the residents and developers have few chances to join the recovery program in such a top-down approach, and utilizing such a large number of public open spaces was inefficient.

Hence, experts and researchers have called for a shift from a top-down approach to a bottom-up approach, which encompasses the participation of households, community-based organizations (CBOs), Non-Governmental Organizations (NGOs), private enterprises, international agencies, local government agencies and the national government, as shown in [Fig. 8](#fig8){ref-type="fig"} . Responsibilities in construction and fundraising as well as program planning are delegated to multiple participants. For example, questionnaire survey could be conducted to identify the best measurement to generate income and facilitate normal time uses of the shelters \[[@bib103]\]. Importantly, the community administrator should know more about the need, lifestyle and age distribution of residents and strengthen the coordination among various CBOs. The generalized CBOs not only means the households, but also includes the schools, restaurants and commercial complex nearby. Furthermore, cross-regional and cross-sector cooperation should be strengthened to comprehensively improve professionalism when constructing emergency shelters. Volunteered geographic information, such like Twitter, can capture people\'s preferences for planning flood evacuation shelters in a much faster and more comprehensive method than questionnaires and surveys \[[@bib104]\].Fig. 8The responsibility of each participant in a bottom-up approach \[[@bib102]\].Fig. 8

5.5. Response to multiple disasters {#sec5.5}
-----------------------------------

The spatial distribution of a disaster varies across China, especially in the southeast, which possesses multi-disaster characteristics. Different types of emergency shelters are required depending on the disaster. Several coastal cities, such as Shanghai, Dalian and Qingdao, have recently established shelters in seaside parks. These open spaces are effective during earthquakes and fires, though it is difficult for seaside shelters to resist other forms of natural disasters such as tsunamis and typhoons. Therefore, establishing emergency shelters by considering the prevention of damage remains a challenge in China.

In order to reduce the damage of multiple disaster, dynamic designation of emergency shelter combined with varying shelter need is necessary. For example, in flood-prone areas, the desirable location of the emergency shelter/open space should be optimized by considering the probability of stochastic damage caused by floods.

Hence, a flood risk analysis should be conducted to decide the location and capacity of emergency shelters in a dynamic manner. The evacuees' demand for shelter would change in the event of new flooding damage \[[@bib105]\]. The population, traffic network, dam site and reservoir are the significant information for developing numerical experiment to select shelter location in the inundation area. Most evacuation models that consider the optimal selection of shelter based on user equilibrium (UE) \[[@bib106],[@bib107]\], system optimal (SO) \[[@bib108],[@bib109]\] and the Constrained System Optimal (CSO) \[[@bib37], [@bib110]\], Decision Making Trial and Evaluation Laboratory (DEMATEL) \[[@bib111]\] models. Specifically, UE model is designed to minimize individual travel time while the main goal of SO model is to minimize the total evacuation time. CSO brings together the two conflicting SO and UE ideas in the bi-level model. The shelter location was specified using SO method and the evacuation route is designed in a UE manner \[[@bib112]\]. Cities with high earthquake/hurricane hazard and inundation areas, such like Istanbul, Logan, north Carolina, are adopted as the instances. Since the flood and storm would approach in uncertain paths, shelters located in at-risk regions are assumed as not suitable for use. Hence, planners are suggested to adopt an algorithm as well as GIS to develop a deterministic model for site selection for emergency shelters/open spaces and logistics during shelter operations.

Japan has valuable experiences in resisting the destruction of various disasters, including earthquake, tsunamis and typhoons. In addition to structural countermeasures such as sea dikes and offshore breakwaters, non-structural approaches were adopted to mitigate the effects of tsunamis. Green embankments, coastal forests and disaster prevention parks were established to minimize damages caused by disasters, as shown in [Fig. 9](#fig9){ref-type="fig"} . For example, in the "Morino Project" \[[@bib113]\] proposed in 2011, a special layout of man-made hills and connecting elevated pathways was promoted, which acted to reduce tsunami impact and served as an evacuation function. Six park units connected with a long network and high land could resettle hundreds of evacuees. In addition, green embankments and coastal forests are able to absorb the tsunami energy while saving human lives during the tsunami \[[@bib114]\].Fig. 9Elevated ground in the disaster prevention park (also referred to as a vertical emergency shelter) \[[@bib114]\].Fig. 9

Furthermore, an individual\'s decision-making behavior and companionship should also be integrated into the design and site selection of emergency shelters for different disasters. An agent-based model could be conducted in conjunction with GIS, where the topography of the site, population distribution, evacuating speed, and inundation features are all considered \[[@bib115]\]. According to [Fig. 10](#fig10){ref-type="fig"} , a certain number of people prefer to evacuate vertically when the shelter is located in the center of the population, decreasing the mortality rate. However, risk and threat that residents facing would be different in a tsunami-triggered oil spill from industrial parks. Emergency shelters and evacuating routes should be planned with the consideration of different individual behaviors \[[@bib116]\].Fig. 10The proportion of people who consider vertical evacuation in coastal cities \[[@bib115]\].Fig. 10

In China, the number of public open spaces outnumbers that of indoor shelters. School buildings, leisure malls, hotels and enterprise facilities could be assigned as alternatives for indoor emergency shelters. In addition, the cooperation between governments and enterprises should be strengthened. For example, training exercises and drills should be carried out by enterprises to enhance the ability of disaster prevention and emergency management. The pilot projects designating enterprises as emergency shelters should also ensure that all departments actively coordinate with each other and work together. Fortunately, when the COVID-19 broke out, the government and experts have carried out effective measures to establish the emergency field hospitals and temporary quarantine centers immediately. Parts of the functional sites were remodeled based on the school, hotels, convention center, stadiums and industrial plants. Therefore, significant experience should be adopted to guide the assignment of the indoor emergency shelters in the future.

6. Conclusion {#sec6}
=============

Designing emergency shelters and open spaces takes into account optimized issues that both governments and researchers have profoundly discussed. In this study, we critically analyzed the current limitations of emergency shelters and open spaces in China. According to design standards and surveys, the following issues were ascertained: (1) guidelines/standards concerning site selection is vague, and the scale and location of emergency shelters/open spaces are determined by a rough estimation of population density in city blocks; (2) publicity and evacuation drills are rarely carried out in daily life, where problems like congestion and disorder affect evacuation in the wake of an incident; (3) most emergency shelters are located in developed cities and new communities rather than in disaster-prone regions or old towns; (4) mismatch of accommodation and demand is present, which varies depending on the disaster, attributed to population density and temporal variation; and (5) responsibilities of government departments, social groups, enterprises and institutions during the planning, construction, maintaining and emergency stages were not identified.

In order to better incorporate comprehensive factors into planning and site selection for emergency shelters/open spaces, global experiences and strategies pertaining to shelter construction were analyzed. From the reviewed literature concerning shelter construction, the present authors summarized past experiences regarding the planning and location of emergency shelters and open spaces as: (1) tackling shelter location and evacuation routing problems in an integrated manner, such as disaster prevention parks, car-based evacuation and bus-based evacuation; (2) embedding shelters/open spaces into the emergency management cycle, comprised of preparedness, response, mitigation and recovery, as well as multifunctionality of public shelters and open spaces, which would contribute to improving urban resilience; and (3) integrating privately owned spaces and public facilities into the disaster prevention system in order to safeguard people when open spaces are deemed inadequate to accommodate evacuees.

The results from the corresponding documents and articles provided further clarity for prospective planning and site selection for emergency shelters/open spaces, which can significantly impact the safety of people as well as the city. Additionally, instructions for future construction including five potential directions are proposed. In order to solve current issues within shelter construction, the following suggestions are offered:●Combine the design and planning of emergency shelters and public open spaces into the construction of urban systems;●Embed everyday-life preparedness and practice to existing community-based disaster risk reduction systems;●Estimate the refuge demands, and select adequate locations for shelters via spatiotemporal patterns and hierarchical planning;●Shift from a top-down approach to a bottom-up approach by including private enterprises, non-governmental organizations and community institutions;●Establish emergency shelters/open spaces by considering different disasters, while incorporating diverse spaces as alternatives.

There is growing urgency to develop novel designs for the fortification of shelter construction and open spaces as rapid population growth and climate change would introduce numerous natural and man-made disasters in the future. The corresponding literature review serves as the authors\' initial step toward the development of a framework for the holistic assessment and optimization of emergency shelters and open spaces. Notably, the archival documents and academic articles cited in this study possess certain limitations. Only the full text in English, Japanese and Chinese was included. In order to gain a wider and deeper knowledge of existing literature, future research should include other languages to ensure impartiality of the study\'s results. In addition, man-made disasters should be included in future analyses.
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[^1]: PR= Preparedness, RS = Response, MT = Mitigation, RC = Recovery.
